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SUMMARY 


Weak interactions are assumed to be slightly nonlocal, due to the occurrence of a heavy 
intermediate particle. When the term for this particle is eliminated from the Lagrangian, 
am expression arises in which the lepton and nucleon currents interacting at different points 
are coupled by a Yukawa potential. The nonlocal effects in the inverse B process, pte >n+y, 
and in pm decay are calculated using V—A coupling. It is found that the value of the Michel 
parameter tends to increase above 0.75. 

The coupling constant, gs used in the nonlocal interaction Hamiltonian has the dimension 
of charge squared in contrast to the constant of the local theory, which has the dimension of 
charge squared times length squared and is the one experimentally determined. By studying 
the relation between these two constants it is found that the experimental @ value which limits 
the characteristic length for the nonlocal effect to ~ 10. cm gives a corresponding limitation 


to g of g > Lo egs units. 


Introduction 


According to Feynman and Gell-Mann [1] the most general form of the Uni- 
versal Fermi Interaction is 


Hint = V8 G? (Py y" 4 Po) (Ps Yn @ Ya) + hc., (1) 


where a is the projection operator 3(1+77;), and G is the coupling constant 
for pure Fermi transitions. G* has been experimentally determined from the decay 
of Ol, Al?* and Cl**, and found to be [2] (1.410 + 0.009) -10-*° erg cm’. 

If we assume that the four fermions in a weak interaction do not interact 
at exactly the same space-time point, the expression for Fé; has to be modified. 
We restrict ourselves to a special kind of noniocality, proposed by Lee and 
Yang [3], Tanikawa [4] and others, in which the fermions interact in pairs, while 
the interaction between the pairs is propagated by a heavy boson. This corre- 
sponds to a Feynman diagram of the type shown in figure 1. Phenomenologically 
this type of interaction can be described by a “nonlocal Hamiltonian” in which 
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Fig. 1. A heavy boson is interchanged between fermion pairs. 


the boson field has been eliminated, as has been shown by Lee and Yang [3]. 
The resulting interaction Hamiltonian is of the following form: 


Hine = V8.9" f CPs (2) ya ye (@))F (XX) [93 @) ynaya(@ Ex’ +he, (2) 
where g? is a new coupling constant, to be determined so as to make equation 


(2) give the same total probability for the process as the local form of Hint. 
We shall specialize the function /(x—x’) to be a Yukawa potential, i.e. 


e7|x—x'/1 


F (x—x’) (3) 


eeeh ant la 


Here / is the length characterizing the nonlocal effects. F is related to the 6 
function by 


1 
lim > F (x—x’)=6 (x—x’). (4) 
+0 471° 


This choice gives the coupling constant the dimension of charge squared, while 
G* has the dimension of charge squared times length squared. Therefore the 
connexion between the constants is of the following form: 


F=K ge V Ff (I), (5) 


where K is a number and f is a dimensionless function of 1 which tends towards 
1 as 1 goes to zero. 

Thus, if the weak interaction is somewhat nonlocal and can be described by 
a Yukawa potential, the constant characterizing the strength of the interaction 
is g*. In order to determine g? from the experimentally known G® one has to 
find the magnitude of the length J. As we shall see, one effect of the non- 
locality is a change in the form of the energy spectrum of the outgoing par- 
ticles, which gives some information about the magnitude of /. Thus it is pos- 
sible to find the value of the ‘‘true’’ coupling constant g?. 

In the following, this kind of nonlocal effect will be examined in two types 
of processes, the inverse 8 process, e~ + p—>n-+, where the incoming electron is 
assumed to have very high energy (about 1 BeV), and the fu decay u>e+y+9. 
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Inverse B process 


The interaction Hamiltonian for the process e +p—n+ 7, where the nucleon 
and lepton currents at two different points are supposed to interact via a heavy 
boson, is given by equations (2) and (3): 


—|x—x’/L ' 
Hin =V89° {| [Pn (x) y" a Pp (x)] Tarai [p, (x’) yp a we (x')] a? x' d? x. (6) 


The energy spectrum for the outgoing particles, calculated from this Hamil- 
tonian for a case where protons at rest are bombarded by high energy electrons 
of energy H, momentum p and current density N, is 


2 


Pippy, q) Ppa d? q=16 22 (4B) gth-* (1p, -q)- 
(63 


a p E, #, 


L se 3, 78 
(T+PR?|poqheo hm q)6(Z,—H,)d°p,d°q, (7) 


where p,,q denote the momenta of neutron and neutrino respectively, and 
E,, E,; are the initial and final state energies. The integration over neutron and 
neutrino momenta is carried out by a method due to Rau [5]. Assuming the 
nonlocality to be a small effect, we evaluate the expression (1+? h-*|p—q\?)? 
in a series in /? and retain only the first term. The result is 


nH B*( 2cp 
2¢5 p? |H3—c? p* 


or 
Pe l6n (4a) oh oN 1 2p (c? p* +4 i) + 
29P (BE, 4H,cp yer | (8) 
Ch | 2a (B=-ee’y 12 (B-e py Z 


where we use the following notations: 


E,=E+Mec, and B=Hj—M*c*—c* p’. 


The passage to the local limit is effected by putting 1=0 and changing 
(417)g? to G?. To get an idea of the magnitude of the effect, we choose 
E=Mc?, ie. E~1 BeV. Using the experimental G* value of 1.41- 10°“ erg cm? 
we find the cross section equal to 6.2-10° cm®. To the first approximation 


in the nonlocal effect we find the cross section at the given energy 


(9) 


1 B2ie ant" 2 
6 = 64a (i Pgh MS (1 oF” Re ) 


Discussion 


In order to be able to say something about the magnitude of l we have to 
go back to the energy spectrum of the neutron. This is not explicitly given when 
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calcu 
section for the free antineutrino in the process p+ %—>n +e*, which has been n 
ured by Reines and Cowan [6] and found to be (11 +2.6)-10~** cm’. In spite of the 
relatively large cross section of 6-10~** cm®, which is due to the high electron 
energy involved, it seems to be impossible at present to detect the process 
p+e —-n+y in a scattering experiment. Such experiments with electron energies _ 
up to 550 MeV have been carried out by Hofstadter [7]. The cross sections for — 
the various scattering phenomena, mesonic processes, etc., that occur in such © 
experiments are of order of magnitude 10-*%-10-*° em®. As neutrons are pro- 
duced by these processes, e.g. by electrodisintegration also, it is impossible to 
identify the process p+e—>n+yv among the others, which occur with much ~ 
: greater probability. ‘The question of nonlocality is of course still more difficult 
to answer, so at present it is impracticable to get any information about pos- 
; sible nonlocal effects from experimental study of # processes. 


culated cross section of 6.2 10-2 cm? may be compared with the c 


; ~ decay 


For the decay of the ju meson, u->e+v+%, we write the interaction Ha- 
miltonian in the following way: 


1 
e~lx-x'I/I 


Fin.= V8 9? | i [p, (x) y“a yp, (x)] i<s [Pe (2") Yu a py (x")]d?x' d?x, (10) 


since g° is supposed to be the universal coupling constant for weak interactions 
in the same way as G® is a universal constant in the local theory. The corre- 
sponding energy spectrum for the outgoing particles is 


2 
P(p, to) @ pd? y= S28 (har g AN (1— pra) 


1 
“G+PR [q+ PPP 6(q: + 42+ p) 6 (H;—E,) d* pd*q,. (11) 


Here the following notations are used: N is the /& meson density; p, q,, and q, 
are the momenta of the electron, antineutrino, and neutrino respectively; and 
E, E, the electron and neutrino energies. 

The integration over neutrino and antineutrino momenta is carried out by 


the same method as was used above. Introducing the new variable x, defined 
by the relation 


ot Se (12) 
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 B is a parameter related to 1 by B=}lh— pe. Te 
1 the local limit 6=0 and the form of the electron spectrum is given by 


P (x) ~a2 (3-22). (14) 


& ‘his is to be compared with the general expression for the energy distribution 
y derived by Michel [8, 9] and reformulated by Sargent et al. [10] to give ; 


es P (a) ~42? [3 (1—2) +29 (42—3)]. | Coy, 


_ Equation (14) corresponds to a @ value of 0.75, which is also the value given 
_by the local V-A theory. A comparison of equations (13) and (15) shows that 
_ the nonlocal form of the spectrum cannot be described by a Michel parameter, 
not even in first approximation. io 

; Much experimental work has been done on the determination of 9. Some of 
_ the available information is collected in table 1. 


Table 1. Experimental o values. 


4 

4 

4 Experimentalist i @ value | Year | Ref. 

z | Crowe eé al. 0.68 +0.02 1957 2 

e. Dudziak and Sagane 0.736+0.022 | 1958} 11 

te Anderson et al. » 0.74 +£0.03 1959 12 

, Dudziak, Sagane and Vedder 0.741 + 0.027 1959 13 

i Plano and Lecourtois* im 0.79 +0.03 1958 14 

A In order to be able to compare these values of g and the corresponding energy 


spectra given by equation (15) with equation (13), which includes the nonlocal 

_ effects, we must take into account the relation between the coupling constants 

in the local and the nonlocal theories, given by equation (5). Integration of 

equations (13) and (15) over all possible values of « gives the total probability 

for the mw decay. By equating the two expressions we find the following form 
for equation (5): 

G4 = (407) g* (1-38 6°). (16) 

Thus the coupling constant (471*)?g* occurring in equation (11) has to be re- 

placed by G*(1—#8f?)"* when comparing the spectra for the local and the non- 


local cases. Doing so, we find that when / increases from zero to small positive 
values the form of the P(x) curve given by equation (13) changes in the same 


* A later 9 value found from the Plano-Lecourtois experiment is 0.80 +0.02, which was re - 
ported at the International Summer School for Physics, Varenna sul Lago di Como, July 1959 . 
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Fig. 2. P(x) from equation (15). Fig. 3. P (x) from equation (13), r 


way as does the form of P(x) given by equation (15) when @ increases from 


0.75 to higher values. This is seen from figures 2 and 3. By performing a least 


square fit between the two curves we find the J dependence of @ as indicated 
in table 2. This is consistent with results found by Byers and Peierls [15] and 


others [16, 18] from various types of two-stage models for weak interactions. 


Table 2. Relation between f and o. 


BP @ 
0.01 0.754 
0.05 0.770 
0.1 0.792 
0.2 0.84 


A @ value of about 0.79 corresponds to a characteristic length of 1.2- 107! cm 
and an intermediate boson of mass M,;~330 m,. However, the stability of the 
known particles requires a heavy boson, i.e. of mass greater than that of the 
K meson. The lowest f” value in table 2 satisfies this condition, since it cor- 
responds to a mass of ~1000 m, and 1~2-10°'* cm. This f? gives a o value 
of 0.754 which is in agreement with the experimental results of references 11-13. 
However the deviation from the theoretical value 0.75 is smaller than the ex- 
perimental uncertainty by a factor 10, so at present the existence of a boson 
of this mass could not be experimentally established from the determination 
of 9. The Plano-Lecourtois result, however, requires a boson which is too light 
to be compatible with the stability conditions for the observed particles. 
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Now, from equation (16) we find the value of g?. Leaving out the last term, 
as we are only dealing with magnitudes, gives 


Crwialg?, (17) 


which corresponds to g?~10-™ for 1=10-"*. The experimental 0 values set a 
lower limit for g® of 10°**. These results can be compared with the strength 
_ of the electromagnetic coupling, which is 2-10°'® cgs units. Thus a nonlocal 
_ effect characterized by a length of 10°'* cm would give a coupling constant of 
_ the same order of magnitude for the weak and the electromagnetic interaction. 
In this case, however, the difference between the corresponding o value and the 
theoretical one is far too small to be detected experimentally. The mass of the 
boson in this case is of the order of one hundred nucleon masses. This is con- 
' sistent with the value 60 M found by Lopes [17] from a two-stage model for 
_ the weak interaction with the same assumption for the interaction strength. 


: 


Discussion 


Since a heavy boson of the type occurring in the two-stage model for Fermi 

' interactions would be very difficult to observe directly, any indirect information 

about this theory, such as that obtained from a detailed study of the spectrum 

form, is of interest. In addition to the decay discussed here there are other 

processes which would be affected by the existence of a heavy charged vector 

boson, e.g. the K.3 and K,3 decays, where the corresponding nonlocal effects 
have been calculated by Oneda and Pati [18]. 

It follows from what has been said above that a nonlocal Hamiltonian for 
weak interactions of the type given in equations (2) and (3), where the fermion 
pairs are coupled by a Yukawa potential, makes it possible to use a coupling 
constant of the same magnitude and the same dimension as the coupling con- 
stant for the electromagnetic interactions. Thus, the “weakness” of the Uni- 
versal Fermi Interaction is in this theory due to its being a two-stage process. 

The nonlocal effects in « decay derived from such a Hamiltonian are con- 
sistent with most of the present experimental knowledge of this process. Future 
experimental work on weak interactions may give the detailed information which 
is necessary in order to tell more definitely whether the intermediate boson 
exists and, if so, how it affects the theory of the Universal Fermi Interaction. 
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